
ABSTRACT 
Millimeter CO( l  + 0) interferomet,ry  and high resolution, Hubble Space Telescope (HST) 1.1,  1.6,  and 

2.2 pm  imaging of the  radio  compact  galaxy  PKS  1345+12  are  presented. Wit.h an  infrared  luminosity of - 2 x  lo '?  Lo!  PKS 1345+12 is a  prime  candidate  for  studying  the link between t.he ultraluminous  infrared 
galaxy  phenomenon  and  radio galaxies. These new observations  probe  the  molecular  gas  distribution  and 
obscured  nuclear  regions of PKS 1345+12 and  provide  morphological  support for the  idea  that  the  radio 
activity  in  powerful  radio  galaxies  is  triggered by the merger of gas rich galaxies. Two nuclei separated 
by 2" (4.0  kpc)  are observed in the  near-infrared; the  extended  southeastern  nucleus  has colors  consistent 
with  reddened  starlight,  and  the  compact  northwestern nucleus has extremely red  colors  indicative of 
an  optical  quasar  with a warm  dust  component.  Further,  the  molecular  gas,  3mm  continuum,  and  radio 
emission are coincident  with the redder  nucleus,  confirming that  the  northwestern nucleus is the  site of 
the AGN and  that  the molecular  gas is the likely  fuel  source. 
Subject headings: galaxies: ISM-infrared: galaxies-ISM: molecules-radio lines: galaxies-galaxies: 

active-individual: PKS 1345+12 

1. INTRODUCTION 

Almost all ultraluminous  infrared  galaxies [ULIGs: 
L I R ( ~  - 1000pn) 2 1 x lo1* La] have optical/near- 
infrared  morphologies  indicative of galaxy-galaxy  merg- 
ers (eg .  Joseph & Wright  1985;  Armus,  Heckman, & 
Miley 1987;  Sanders  et  al.  1988a; Murphy et al. 1996; 
Kim 1995).  Their  large  quantities of dust, and molecu- 
lar  gas  (e.g., Sanders, Scoville, & Soifer 1991; Solomon 

Qet  al.  199f). as well as evidence of abundant  young  star 
clusters in many ULIGs (e.g.  Surace et. al.  1998),  are 
st.rong  evidence of recent/ongoing star format,ion. Molec- s 

.+ ular gas is also  a likely source of fuel for active  galactic : f ,  A nuclei (AGlU) such as quasars  and  radio  galaxies,  many of 
which have high L I R  and  disturbed  optical  morphologies 
(e.g.,  Stockton & MacKenty  1983;  MacKenty & Stockton 
1984;  Heckman  et al. 1986; Smith L Heckman 1989a,b), 
thus providing a possible  connection bet.ween mergers and 
the  building of supermassive nuclear black holes. 

PKS 1345+12 (IRAS 13451+1232: L I R  = 1 . 7 ~  10" Lo) 
is a prime  candidate for the link bet.weerl t.he ULIG phe- 
nomenon  and rnclio galaxies.  With a radio luminosity of 
f40HbL.IHs = 2.4 x %' Hz", it, is the rnost powerful ra- 
dio  galaxy detetrt,ed in CO( 1 + 0) bo dat,e. It. also  belongs 
to a farnily of "warm" ( ~ ~ ~ p l n / f 6 ~ ~ p m  2 0.2, similar  to  the 
colors of Seyfert, galaxies: de Grijp, Miley, ,U; Lub  1987) in- 
frared  galaxies believed to be in a transition state between 

the "cold" (f?sprn/f6opm < 0.2) ULIG phenomenon,  when 
rampant  star-formation is  occuring  and  the accretion  disk 
is forming  around  the  nuclear black  hole, and  the  optical 
quasar  phase  (Sanders et. a1 1988a,b). It. is observed to  
have two nuclei wit.h a projected  separation of - 2" (-4 
kpc:  Heckman et  al. 1986; Smith & Heckman  1989a,b; 
Kim  1995), a very compact  radio  jet (0.1" - 200 PC), and 
an  extremely high molecular  gas  mass (4.4 x 1O'O Ma:7 
Mirabel,  Sanders, k Kazes 1989). The rat.ios of the  nar- 
row opbical emission  lines in PKS 1345+12 indicate that i t  
cont,ains a Seyfert, 2 nucleus  (Sanders et, al. 1988b; Veilleux 
et al. 1995).  Fursher.  recent  near-infrared  spect,roscopic 
observations have detect.ed  broad ( A V F W H ~ I  - 2600 km 
s-l)  Paa  emission,  indicat.ing the presence of a  quasar nu- 
cleus which is obscured a t  opt.ica1 wavelengths  (Veilleux, 
Sanders, & Kim 1997): 

The near-infrared  spect.roscopy of PKS 1345+12 illus- 
trates t,he importance of probing the nat.ure and  distribu- 
tion of obscured  nuclear  energy  sources in  ULIGs at. near- 
infrared  wavelengths. Such studies also complement, CO 
interferometry. which provides  spat,ial  and  kinemat,ic in- 
forrnahion of t.he rnolecular gas reservoirs in t.hese dust,y 
systems. In this Letter! the  superior resolut,ion of the 
HST8 Near-Infrared Camera  and k1ult.i-Object Spect.rom- 
eter (NiCMOS: 0.1-0.2'' resolution at. 1-2 pm)  and  the 



OWCYIS VaIIt:y M i I I i 1 1 w t e r  r\rray9 (-- 2” rcwIll t , iorl  at, :! r n r n )  
are  11secl t.o show f o r  t.hr first time the spatial coincidence 
o f  t.he rrlolevlrlar g ; ~ .  ;rncI  t,he r;lttio-loucl nuc:lwrs o f  PtiS 
1%1.5+ 12. ‘I‘twse ohservabions  provide fu r the r  support for 
t.he relat,ionship bet.ween mergers,  molecular gas,  and A C N  
act.ivity. A n  N , ,  = 7.5 knl s - ‘  Mpc”  and 90 = 0.0 are as- 
surrled throughout, such that .  1” subtends - 2.0 kpc at, the 
redshift of the  galaxy ( 2  = 0.1224). 

2 .  OBSERVATIONS AND DATA REDUCTION 

2.1. NICMOS Observations 

HST NICMOS observations of PKS 1345+12  were.ob- 
tained as part of a larger  program  to  image  infrared- 
luminous  galaxies (Scoville et  al. 1999;  Evans 1999a).  Ob- 
servations were obtained in a single  orbit on  1997 Decem- 
ber 5 using camera 2, which consists of a 256 X 256 array 
with pixel scales of 0.0762” and 0.0755” per  pixel  in z and 
y, respectively,  providing a - 19.5” x 19.3” field of view 
(Thompson  et  al.  1998).  Images were obtained  using the 
wide-band  filters FllOW  (l.lOpm, AXFWHM - 0.6pm), 
F160W  (1.60 pm,  AXFWHM - 0.4pm),  and F222M (2.22 
pm,  AXFWHM - 0.14pm), which provide a resolution 
(FWHM)’Of 0.11”, 0.16”,  and 0.22”,  respectively. The ba- 
sic observation  and data  reduction procedures are the same 
as those described in Scoville et  al.  (1999);  the  total  inte- 
gration  times  per  filter  setting for  these  observations were 
480 sec (1.1  and  1.6 pm) and 600 sec (2.2 pm).  Flux cal- 
ibration of the images were done using the  scaling  factors 
2.03 x 2.19 x and  5.49 x Jy  (ADU/sec)-’ 
at. 1.10,  1.60,  and 2.22 pm,  respectively. The correspond- 
ing magnitudes were calculated using the  zeropoints  1775, 
1083,  and 668 J y  (Rieke  1999). 

2.2. Interferometric  Observations 
Aperture  synthesis  maps of CO(1 + 0) and 2.7 mm 

cont.inuum  emission in PKS 1345+12 were made  with  the 
Owens Valley Radio  Observat,ory  (OVRO)  Millimeter Ar- 
ray during five observing  periods  from 1996 September 
t.0 1997 May. The  array consisbs of six  10.4  m  tele- 
scopes,  and  the longest  observed  baseline was  242 m.  
Each telescope was  configured  with 120 x 4 MHz dig- 
it,al correlators.  During  the  observations,  the  nearby 
quasar HB89 1413+135 (1.5 J y  at  103 CHz;  14h13m33.92S 
+13”:34’17.51’’ [B1950.0]) was  observed  every 25 minutes 
to monit.or  phase and  gain  variations,  and 3C 273 and  3C 
454.3 were observed t.o det,errrline the  passband  st,ructure. 
Finally, flux calibration  observations of Uranus were ob- 
tained. 

The OVRO data  were reduced and  calibrated using 
the  standard Owens Valley da ta  reduct.ion package M M A  
(Scoville et  al.  1992). The  data  were then exported  to  the 
mapping prograrn DIFMAP  (Shepherd,  Pearson, k Taylor 
1995). 

:$. RESULTS 

The reduced 1.1, 1.6, and 2.2 p r r l  images are shown in  
Figlire la-c:. The g;ll;rxy corlsist,s o f  t,wo nuclei wit,h a pro- 
jected  sq);wation of 2.0’’ ( 4  k p c ) .  Low level surface  bright- 

tlt’ss mlissiorl envrlops b o t h  1 1 1 1 ( . 1 t ’ 1 .  w i t h  ; ~ I I  east-west ex- 
t ,er l t .  o f  1 1 ”  ( 2 2  k p c :  f l r l l  wi(lt,tt a t ,  O..,‘%, t h t t  rnaxirnllrn flux 
clerlsity ;It I .  1 an(l 1.t ;  ~ r r r ~ ) .  ; r n t l  ;L 3.5”  ( 1 1  kpc)  sout,hern 
extent. beyond the  sollt,tlt?r?st,(mI nllc:le~rs (hereafter  PKS 
1:1-15+12SE). The radial  sllrface  brightness  profile  does  not 
c:onst.rain t,he nature of the progetlibor galaxies  or the type 
of galaxy  they are evolving into; both an r”.25 law and  an 
exponential disk give reasonable fits to  the profile (see  also 
Scoville et  al.  1999). 

PKS 1345+12SE is observed t.o be extended at all three 
wavelengths  with  a FWHM of 0.15’’ (300 PC) at  1.1 pm. 
The measured 1.1” aperture  magnitudes  are 16.86,  15.85, 
and 15.31 at  1.1, 1.6,  and 2.2 pm,  respectively, and  the 
derived  colors are  thus m1.1-1.6 =1.01 and m1.6-2.2 = 
0.54. In contrast., t.he northwestern nucleus (hereafter 
PKS 1345+12NW) is unresolved  with a FWHM of  0.11’’ 
(220 PC) at 1.1 pm  and  magnitudes of 16.66,  15.45, and 
13.96 at   at  1.1, 1.6,  and 2.2 pm, respectively. The near- 
infrared  colors of PKS 1345+12NW  are  extremely  red; 
m1.1-1.6 =1.20 and m1.6-2.2 = 1.49. The red nature of 
PKS 1345+12NW  relative to  PKS 1345+12SE is also ev- 
ident in the  1.1”-aperture flux  density  ratios of the two 
nuclei; f(SE)/f(NW) decreases  from a value of 0.82 at 1.1 
pm  to  0.29 at  2.2 pm. 

Both  the  CO(1 + 0) emission and  underlying 2.7 mm 
continuum in PKS  1345+12 are unresolved. The con- 
tinuum flux  density is 0.31 J y  and is consistent  with a 
power-law ext.rapolation of the radio  flux  density  (e.g. 
Steppe  et  al.  1995).  The  CO emission (Figure 2) has a 
AVFWHM - 600 km s-’, a flux density of 1 4 f 4   J y  km s-l, 
and a CO luminosity of Lko = 8.2 x IO9 K km s-l PC’. 
Thus,  the line profile and 1umlnosit.y are consistent with 
those  derived  from NRAO 12m Telescope observations of 
PKS 1345+12 (;.e., Lk0 = 1.1 x 10” K km s-l  pc2: 
Mirabel et  al.  1989),  and  confirms t,hat, the flux measured 
in t,he single-dish  observahions (i.e., 81” FWHM  beam) is 
ent,irely recovered with  OVRO (- 2.2” synthesized beam). 
Assuming a st.andard ratio ( a )  of CO 1uminosit.y to H? 
mass of 4 M, (E; km s-l pc2)”, which  is similar  to  the 
value determined for the bulk of [,he  molecular  gas in the 
disk of the Milky Way  (Scoville si Sanders  1987;  Strong 
et  al.  1988), bhe molecular  gas  mass is calculated to  be 
3.3 x IO” Ma, or 14 times  the molecular  gas  mass of the 
Milky Way.“  Finally.  using the FWHM beam of t.he CO 
rnap (2.2”),  t.he molecular  gas  concent.ration is calculated 
to be >2000 IC13 PC”, o r  >l5”500 times  [,hat observed 
i n  lotral early-type  spiral  galaxies ( e . g . .  Yollng k Scoville 
1991) and corllparable t o  bhe concentrations observed in a 
sample of Iurrlinous infrared  galaxies observed by Scoville 
et. ai. (1991) and  Bryant k Scoville (1999). 

4.  ASTROICIETRY O F  THE NEAR-INFRARED IMAGES 

The int.erpretat,ion of the  data presented in this Letter 
depends on acc-1lrat.e astrorrletry of the multiwavelength 
images. To det.errrline the  coordinates of t,he two nuclei 
o f  PKS L:M5+12, t,he posit.iorls o f  st,ars wi th in  : i . Y  of the 
galaxy were first. ret,rievetl frorr l  the I;SNO-A1.0 database. 
.-\ pl;rt,e sollrtiou (world coordirlatt: systrrrl) was  [.hen de- 
rivet1 f o r  a 7’ x 7’ R - t n n t l  ir11agfI ( l i i l l l  l!J!kj)* which also 

NSF grants AST 93-14079antl A S T  ‘Jfi-13717. 

temperatures ant1 rlensitien, thus tho molecular gaJ manu of PKS 1345+12 may  actually bt! as low 1 . 6 ~  1 O l o  bl,:]. 

’The Owens Valley  Millirrwter  Array is a radio te1r:scope facility 1)perate11 by the Cnlifornia Institute o f  Tt!chnology w 1 1 1  is wppartcd  by 

‘oRadfortl, Solomon, k Downes ( I r t + J l )  have used theoretical  morlels  to  deterntine  that Q ranges f r o m  2-5 b1,3 for a reasonable  range of 
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shows t . t w  t . w o  r I l ic le ! i  of ['tis l:l45+12, using the IRAF 
t w k  F'LTSOL. 

'The c:oordin;rt,es o f  she t.wo nuclei,  along  with  the posi- 
tions o f  t.he CO ant1 radio  emission from the  galaxy,  are 
list,ed in  Table I .  The radio  and CO emission appear  to be 
spnt.idly  coincident w i t h  PKS 1345+12NW - the  measured 
near-infrared  peak of PKS  1345+12NW is displaced 0.3'' 
NE of the  radio  emission,  but is within  the  uncertainties 
associated  with  the posit.ions of the  stars used to  derive  the 
position of the PKS 1345+12 nuclei.  Likewise, the  mea- 
sured  near-infrared  peak of PKS  1345+12NW is displaced 
0.44" NE of the CO emission  and  continuum  centroids, 
consistent.  with  the  measured OVRO beamsize  (see  Figure 
Id).  

5. DISCUSSION 

The bulk of the  activity  in PKS 1345+12 is associated 
with PKS 1345+12NW. The derived  NICMOS  colors of 
the  two nuclei provides  further  support  that  the AGN 
resides in PKS 1345+12NW.  While  the  colors of PKS 
1345+12SE  are  consistent  with  starlight  reddened by  1-5 
magnitudes of dust, PKS 1345+12NW  has  colors  similar 
to  other  warm ULIGs observed ,with NICMOS - i.e.,  sim- 
ilar to optically-selected  quasars  with  a 500-1000 K dust 
component (see also Scoville et  al. 1999 and  the  sum- 
mary in Evans  1999a).  Similar  results  are  derived  from 
near-infrared  ground-based  observations of PKS 1345+12 
(e.g.,  Surace & Sanders  1999),  and  recent,  high-resolution 
near-infrared  spectroscopy  (Veilleux & Sanders.  1999)  con- 
firm that PKS 1345+12 is the  source of the  broad-lines 
detected by Veilleux, Sanders, & Kim  (1997). 

The presence  of a  large  and  concentrated reservoir of 
molecular  gas in  PKS  1345+12NW is consistent  with the 
not.ion that, t,his gas is a  source of fuel for the  radio phe- 
nomenon (e.,.., Mirabel  et  al.  1989). In this  scenario, 
t,he  molecular gas in the western galaxy is driven  inward 
via gravit,at.ional  instabilit.ies  induced by int.eract,ions wit,h 
PKS  1345+12SE. 

Of all of t,he radio  galaxies  detected in CO(1 -+ 0) to 
dat.e  (Phillips et. al. 1987; Mirabel et. al. 1989;  Maz- 
zarella  et al. 1993;  Evans  1999b;  Evans  et al. 1999), 
PKS 1345+12 is t,he most  molecular  gas-rich,  and  the 
only  one  that  clearly  has t.wo nuclei.  Thus, while PKS 

i : I , I 5 + L z '  is an advartcwl rrlr.rgl*r i l l  terrIls o f  it.s reIat.ively 
srrlall nllclear separat,ion. t h e  f;u.t t hilt. the st,ellar nr&i 
art' , I  kpc  apart, irnplirrs that t,tIis syst.rrrl is tlynarnically 
yolrrlger than the other radio  galaxies  observed. I f  the 
asstlrnpt.ion is made t.hat. the n1lc:lei of PKS134S+l2  are 
grxvitat.ionally  bollnd, t,he r e l a t ive  velocit,y of the  merging 
galaxies is IuI 6 (CZ'.Wga~/Rsep)1/2 300 kn1  s - ' ,  where 
Algal = 10" itla and Rsep - 4 kpc,  and  thus  the  merger 
has at  least an additional - IO7 years  before the nuclei 
coalesce. 

From  the  extent of the  radio  emission,  it is also  clear 
that  the  jet  activity  commenced  fairly  recently., In the  2.3 
and  8.5 GHz radio  maps  shown in  Fey, Clegg, 9c Foma- 
lont  (1996),  the  radio  jet h a s  a maximum  extent of 0.10" 
(- 200 PC). Thus, if the  jet  propagabes at  a speed of O.lc, 
it  can be  no more  than 7000 years  old. For comparison, 
the  linear  extent of the  jets  associated  with single-nuclei 
radio  galaxies  detected in CO are 10-200 kpc,  but  their 
estimated  jet ages (A lo7 years)  are  significantly less than 
the  timescale of the  merger  process (10' years). The cre- 
ation of the  radio  jets so late in the life of the merger  can 
be  understood in terms of merger  dynamics - there will be 
a  natural offset in the  time  at which  t,he  merger  begins and 
the AGN activity  occurs  because of  t.he time it takes for 
the  molecular  gas to agglomerat,e in t,he  nuclear  regions of 
the  galaxy.  Further,  depending on how typical  such  a  de- 
lay is in  radio  galaxies,  the  consumption of molecular  gas 
by extended  star  formation  may be well underway  prior 
to  the  onset of the  radio  activity,  and  may  continue for 
another lo7 years  or so. This provides a natural  expla- 
nation of why radio  galaxies  with  older,  extended jets  are 
not  observed  to  have  large  reservoirs of molecular  gas (i.e., 
M ( H 2 )  lo9 Ma: Mazzarella  et  al.  1993;  Evans  1999b). 
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Figure  .Captions 

Figure 1. (a-c) HSTNICMOS 1.1, 1.6, and 2.2 pm images of PKS 1345+12. The  images  have  peak  intensities of 7.5, 11, 
and 29 pJy for the 1.1, 1.6,  and 2.2 pm images,  respectively. The speckle pattern  surrounding PKS 1345+12NW at 2.2 
pm is a PSF artifact.  (d)  Continuum-subtracted CO(l +.O)  emission superimposed on the false-color  NICMOS image. 
The  NICMOS  data  are  displayed  with blue as 1.1 p m ,  green as 1.6 pm,  and red as 2.2 pm.  The  CO  data  are  plotted as 
50%, SO%, 70%, 80%, 90%,  and  99%,  where 50% corresponds  to 3 . 9 ~  rms  and  100%  corresponds  to a peak flux of 0.0339 
Jy/beam.  The  CO  emission is unresolved,  with a beam  FWHM of 2.46x1.95  at  a  position  angle of -70.5". 

Figure 2. Extracted  CO(l + 0) spectrum of PKS 1345+12.  The  spectrum  is  smoothed  with a - 80 km s-l filter and 
sampling of 40 km s-l intervals (S- - 0.005 Jy). 
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TABLE 1 
PEAKS O F  OPTICAL-TO-RADIO EMISSION IN PKS 1345+12 

Source RA Dec 
(B1950.0) 

13451+1232SE 13:45:06.37 12:32:20.31 
13451+1232NW 13:45:06.24 12:32:20.71 
2.3/8.4 GHz Radio' 13:45:06.22 12:32:20.55 
3mm/CO(1 + 0) 13:45:06.21 12:32:20.31 

'The  radio  coordinates  are  taken from Ma 
(1998). 
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